Abstract: A series of 3'-aminospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2,5',10'-trione derivatives have been synthesized by a one-pot three-component reaction of isatin, malononitrile or ethyl cyanoacetate and phthalhydrazide catalyzed by piperidine under ultrasound irradiation. For comparison the reactions were carried out under both conventional and ultrasonic conditions. In general, improvement in rates and yields were observed when the reactions were carried out under sonication compared with classical conditions.
Introduction
The challenge of achieving the ideal synthesis has been pursued aggressively since scientists began to construct molecules. Of course, there are many other factors that affect the aspects of synthesis, such as cost, starting material availability, safety, environmental concerns, and overall ease of the process, including work up and purification [1] . Traditional structure-activity relationship evaluations in medicinal chemistry typically involve the preparation of an advanced intermediate that can be OPEN ACCESS analogued readily to introduce the molecular diversity necessary to prepare a collection, or library, of structurally related compounds. One strategy that potentially meets the goals of total synthesis and library production is multicomponent reaction (MCR) chemistry, in which three or more starting materials are brought together in a highly convergent approach to rapidly build up molecular structure and complexity [2] [3] [4] [5] [6] [7] . According to this method, the products are formed in a single step and the diversity can be achieved simply by varying the reacting components.
The indole moiety, which is a well-known nitrogen-containing heterocycle, is a common and important feature of a variety of natural products and medicinal agents [8] . Furthermore, it has been reported that the sharing of the indole 3-carbon atom in the formation of spiroindoline derivatives highly enhances the biological activity [9] [10] [11] . The spirooxindole system is the core structure of many pharmacological agents and natural alkaloids [12] [13] [14] [15] [16] . Heterocycles containing bridgehead hydrazine have been studied for over a century due to their pharmacological properties and clinical applications [17, 18] . Thus, more and more research briefs have been reported in the past five decades [19] [20] [21] [22] [23] . Teimouri [24] reported an one-pot three-component condensation reaction of alkyl isocyanides with dialkyl acetylenedicarboxylates in presence of phthalhydrazide to synthesize dialkyl 3-(alkylamino)-5,10-dioxo-5,10-dihydro-1H-pyrazolo [1,2-b] phthalazine-1,2-dicarboxylate derivatives. Perumal and Shanthi [25] , with their interest in the synthesis of spiroindoline derivatives, have reported the synthesis of pyrazolophthalazinyl spirooxindoles via one-pot three-component reaction catalyzed by L-proline. Recently, Zhang and their partners reported the synthesis of pyrazolophthalazinyl spirooxindoles catalyzed by nickel chloride [26] . However, some of these methods possess some weaknesses such as more expensive catalyst (L-proline), longer reaction time and higher reaction temperature.
In recent years, the application of ultrasound irradiation in organic reactions has been rapidly increasing [27] [28] [29] [30] [31] . A large number of organic reactions can be carried out in a higher yield, shorter reaction time and milder conditions under sonication. On the other hand, ultrasonic reactions have been increasingly used as clean, green and environmentally benign routes for the preparation of organic compounds of synthetic and biological values, which is considered to be an important tool for green chemistry in terms of waste minimization and energy conservation [32] [33] [34] [35] [36] [37] [38] [39] . Nevertheless, the use of ultrasound in heterocyclic system is not fully explored [40] [41] [42] .
In order to expand the application of ultrasound in the synthesis of heterocyclic compound, herein we report on a facile one-pot, three-component synthesis of 3'-aminospiro[indoline-3,1'-pyrazolo 
Results and Discussion
To optimize the reaction conditions, the reaction of isatin (1b), malononitrile (2) , and phthalhydrazide (3) was selected as the model reaction for the synthesis of spiro[indoline-3,1'-pyrazolo [1,2-b] phthalazine] derivatives. Initially, in order to search for a better solvent, the ultrasonicassisted model reaction was examined using different solvents such as ethanol, methanol, water, acetonitrile and THF, respectively. The results are summarized in Table 1 . As can be seen, the reaction could be efficiently carried out in all the tested solvents, although the reaction using ethanol (Table 1 , entry 2) as the solvent resulted in higher yields and shorter reaction time than those using methanol, water and acetonitrile as solvent. Thus, ethanol, which additionally is a bio-renewable product of low cost and low toxicity to human health and is relatively non-hazardous to the environment, was chosen as the solvent for all further reactions. Next, we screened different bases for their ability to catalyze the three-component reaction in the same solvent (ethanol) . No reaction was observed in the absence of base. The common base such as C 2 H 5 ONa, NaOH, Na 2 CO 3 and KOH afforded the desired product, but only in moderate to fair yield ( Table 2 , entries 1-6). Therefore, piperidine was proved the best catalyst for such three-component reaction.
The effect of the concentration of catalyst on the yield of 4b in ethanol was then explored. The results showed that when the amount of piperidine was increased, an increase in the yields of 4b was clearly observed. When the concentration of piperidine (mol %) increased from 10% to 30%, the yield of product 4b increased rapidly from 73% to 91%. The best concentration of piperidine was 20%. The higher concentration of the catalyst did not remarkably increase the yield (Table 2, entries 9 and 10).
In order to further improve the yield and decrease the reaction time, we tried to increase the reaction temperature under ultrasound irradiation. The effect, however, was not remarkable (Table 3 , entries 1-3). Consequently, it was indicated that there was no remarkable temperature effect on this reaction.
We also observed the effect of frequency of ultrasound irradiation on the reaction. When the frequency was 25 kHz, the model reaction gave the desired product 4b in 91% yield at 25 °C. Using 40 kHz did not change reaction yield a considerable amount (90% in the same time). Experiments performed at constant transmitted power but variable frequencies (25 and 40 kHz) show the same trend (Table 3 With this optimum condition in hand, a series of 3'-aminospiro[indoline-3,1'-pyrazolo [1,2-b]phthalazine]-2,5',10'-trione derivatives was synthesized in ethanol in the presence of piperidine under sonication . The results are summarized in Table 4 .
The reaction was efficiently completed under ultrasound irradiation. From Table 4 , we could find that the isatin bearing either electron-withdrawing or electron-donating groups perform well in this reaction. This may be attributed to the reactivity similarity of diversified substituent isatins activated by ultrasonic irradiation in ethanol. However, when ethyl cyanoacetate was used as one of three substrates, the yields of the products were a little lower than the yields of the products in which malononitrile was used and also took comparatively longer reaction time. The reason may be that the nucleophilicity of ethyl cyanoacetate is lower than that of malononitrile.
To the best of our knowledge, this new procedure provides the first example of an efficient and ultrasound-promoted approach for the synthesis of spiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine] derivatives. This method is the most simple and convenient and would be applicable for the synthesis of different types of nitrogen-containing heterocyclic compounds. The structures of all the synthesized compounds were established by IR, 1 H-NMR and HRMS. The structure of 4d was further confirmed by X-ray diffraction analysis. The molecular structure of the product 4d is shown in Figure 1 .
In order to verify the effect of ultrasound irradiation, all the reactions were carried out under the same conditions in absence of ultrasound irradiation (Table 4 ). The desired products were produced in much longer reaction time (4-9.5 h) and relatively lower yields (42-80%), while under ultrasonic irradiation the products were obtained in 0.5-2 h with the yields of 69-93% (Table 4) . The method to obtain the desired products under ultrasonic irradiation offers several significant advantages including faster reaction rates, higher yields and higher purity (without any additional purification step). Thus, ultrasonic irradiation was found to have beneficial effect on the synthesis of spiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine] derivatives. Through the experiments mentioned above, it was observed that there was a great amount of solid in this system originally because of the bad solubility of isatins and phthalhydrazide in ethanol at room temperature. As the reaction went on under sonication, nevertheless, the reactants were only partially dissolved in the reaction solvent. After 0.5 h it was observed a change in the color of the solid suspended in the reaction mixture thus indicating most probably that reaction occurred. After filtration and analysis such as 1 H-NMR, it was surprising to find that the product is the desired one. Therefore, in this solid-liquid heterogeneous systems, ultrasound was found to have beneficial effect on the synthesis of spiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine] derivatives.
Localized "hot spots" generated from a violent collapse of the bubbles creates a transient high temperature and pressures, inducing molecular fragmentation, and highly reactive species are locally produced. From the Table 4 , it is indicated that the obvious difference in the reaction efficiencies with or without sonication suggests again that the reaction under ultrasound condition proceeded in not the same, but in more efficient way than did the reaction under the heating conditions. The yield of the related reaction to synthesize spiro[indoline-3,1'-pyrazolo[1,2-b] phthalazine] derivatives is up to 93% under ultrasound condition at the temperature below 30 °C, whereas the yield of the reaction without sonication is only 80% at reflux temperature 80 °C, and the reaction time under sonication is reduced from 4 h to 0.5 h. The implosion of cavities reportedly established an unusual environment for reactions. The gases and vapors inside the cavity are compressed, generating intense heat that raises the temperature of the liquid immediately surrounding the cavity and creates a local hot spot to accelerate the reaction [43] [44] [45] . In summary, we observed the significant decrease in the reaction time in comparison with conventional methods by our experiments in present system.
According to the literature [25, 26] , we proposed the plausible mechanism for the formation of spirooxindole derivatives 4 (Scheme 2). Firstly, we assume that the initial step is a Knoevenagel condensation between isatin 1 and malononitrile or ethyl cyanoacetate 2 catalyzed by piperidine, resulting the intermediate 5, which suffers a Michael addition of phthalhydrazide 3 to the C=C bond of 5, followed by cyclization and isomerization to afford the target product 4. Scheme 2. Proposed mechanism for the synthesis of spirooxindole derivatives 4.
Experimental

General
All reagents were purchased from commercial sources and used without further purification. Melting points are uncorrected. IR spectra were recorded on a Varian F-1000 spectrometer in KBr with absorptions in cm −1 . 1 H-NMR spectra were determined on a Varian Invoa-300/400 MHz spectrometer in DMSO-d 6 solution. J values are in Hz. Chemical shifts are expressed in ppm downfield from internal standard TMS. HRMS data were obtained using Bruker micrOTOF-Q instrument. Sonication was performed in a SY5200DH-T ultrasound cleaner with a frequency of 25 and 40 kHz through manual adjustment and an output power of 250 W. The reaction flask was located at the maximum energy area in the cleaner, and the surface of the reactants was placed slightly lower than the level of the water. Observation of the surface of the reaction solution during vertical adjustment of vessel depth will show the optimum position by the point at which maximum surface disturbance occurs. The addition or removal of water controlled the temperature of the water bath. The temperature of the water bath was controlled at 25-30 °C.
General Procedure under Conventional Conditions (Method A)
A 100 mL flask was charged with the isatin (1, 1 mmol) , malononitrile or ethyl cyanoacetate (2, 1 mmol), phthalhydrazide (3, 0.162 g, 1 mmol) and piperidine (0.20 mmol) in ethanol (15 mL). The mixture was stirred at reflux. After the completion of the reaction (monitored by TLC), the solid that precipitated after cooling was collected by filtration. When necessary, the compounds were recrystallized from hot ethanol and DMF to afford pure products.
General Procedure Under Sonochemical Conditions (Method B)
A 100 mL flask was charged with the isatin (1, 1 mmol) , malononitrile or ethyl cyanoacetate (2, 1 mmol), phthalhydrazide (3, 0.162 g, 1 mmol) and piperidine (0.20 mmol) in ethanol (15 mL). The mixture was sonicated in the water bath of an ultrasonic cleaner under atmospheric conditions at room temperature. After the completion of the reaction (monitored by TLC), the resulting precipitate was filtered and washed with ethanol to afford the pure product as solid in good to excellent yields. -1-methyl-2,5',10'-trioxo-5',10'-dihydrospiro[indoline-3,1'-pyrazolo[1,2-b [46] Yellow crystals of compound 4d were obtained by slow evaporation from ethanol and DMF. X-ray diffractions were recorded on a Siemens P4 diffractometer. The ORTEP view of the compound with atomic numbering is shown in Figure 1 . The structure was solved by using SHELXS97. The structure refinement and data reduction was carried out with SHELXL97 program(s).
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Conclusions
In summary, we have successfully combined the advantages of ultrasound technology with multicomponent reactions to facilitate the rapid construction of 3'-aminospiro[indoline-3,1'-pyrazolo[1,2-b]phthalazine]-2,5',10'-trione derivatives by an one-pot and three-component reaction in ethanol. In comparison with conventional and reported methods, the main advantage of ultrasound application is the significant decrease in the reaction time and all the proposed reactions allowed the preparation of products in good yield without any further complicated refinement. 
